Purpose: Permanent loss of visual function after rhegmatogenous retinal detachment can occur despite successful surgical reattachment in humans. New treatment modalities could be explored in a detachment model with loss of retinal function. In previous porcine models, retinal function has returned after reattachment, regardless of height and duration of detachment. Difference in retinal tension between the models and the disease might explain these different outcomes. This study investigates, for the first time in an in vivo porcine model, another characteristic of rhegmatogenous retinal detachmentthe loss of retinal tension. Methods: Left eyes (n = 12) of 3-month-old domestic pigs were included. Baseline multifocal electroretinogram (mfERG) and a fundus photograph were obtained following anaesthesia (isoflurane). The pigs were vitrectomized, saline was injected subretinally, and the RPE was removed. The eyes were evaluated at 2, 4 and 6 weeks after surgery. Four eyes were enucleated at each evaluation for histologic examinations. Results: A retinal detachment structurally resembling rhegmatogenous retinal detachment was induced in 11 out of 12 pigs. MfERG amplitudes were significantly decreased despite partial reattachment four and 6 weeks after detachment. The retinal thickness decreased with 27%, the inner nuclear layer degenerated, M€ uller cells hypertrophied, and outer segments were lost. In the ganglion cell layer, cellularity increased and there was cytoplasmic staining with Cyclin D1. Vimentin and GFAP staining for glial cells increased. After 2 weeks of detachment, the ganglion cells had lost their nucleus and nucleolus. Conclusions: Loss of retinal tension in the detached retina seems to induce permanent damage with loss of retinal function. Death of ganglion cells, observed as soon as 2 weeks after detachment, explains the permanent loss of retinal function. The new model enables investigations of time-relationship between retinal detachment and lasting damage in addition to exploration of novel treatment modalities.
Introduction
Permanent visual damage occurs shortly after rhegmatogenous retinal detachment (Pastor et al. 2016) . This contrasts to serous retinal detachments where vision is preserved for a prolonged time (Nicholson et al. 2013) . In both types of retinal detachment, the photoreceptors are separated from the RPE, and the functional outcome must therefore be determined by another factor.
Retinal tension might be one of the determining factors for functional outcome after detachment. A main characteristic of rhegmatogenous retinal detachment, besides separation of photoreceptors and RPE, is loss of retinal tension. Contrary, in a serous retinal detachment, the retinal tension is maintained.
In previous models of rhegmatogenous retinal detachment in different species, fluid has been injected into the subretinal space (Anderson et al. , 1986 Erickson et al. 1983; Guerin et al. 1989 Guerin et al. , 1990 Guerin et al. , 1993 Fisher et al. 1991 Fisher et al. , 2001 Fisher et al. , 2005 Cook et al. 1995; Lewis et al. 1998 Lewis et al. , 2002 Lewis et al. , 2005 Jacobs et al. 2002; Lewis & Fisher 2003; Linberg et al. 2009; Mandal et al. 2011; Sorensen et al. 2012 Sorensen et al. , 2017b . These models have allowed examination of retinal function after separation of RPE and photoreceptors by "vitreoretinal fluid", which is one aspect of rhegmatogenous retinal detachment. Proper anatomical apposition between the RPE and photoreceptors is considered crucial for retinal function (Sparrow et al. 2010 ). However, contrary to the loss of retinal tension seen in rhegmatogenous retinal detachments, the injection of subretinal fluid produces a retinal detachment with increased retinal tension.
Increased retinal tension has been shown, in vitro, to protect the porcine retina against damage (Taylor et al. 2013) . These protective mechanisms induced by increased retinal tension could explain our earlier findings in porcine models. After injection of subretinal fluid, we have previously shown that: (1) A prolonged shallow retinal detachment induced by subretinal injection of Healon is well tolerated for 6 weeks (Sorensen et al. 2012 ) and (2) A tall separation of the photoreceptors from the RPE by decalin is well tolerated for at least 2 weeks (Sorensen et al. 2017b) .
These findings contrast with the permanent loss of retinal function observed shortly after rhegmatogenous retinal detachment in humans (Pastor et al. 2016) . A new in vivo animal model of retinal detachment with loss of retinal tension could therefore provide new knowledge on determining factors for retinal function.
Extensive removal of RPE could be a method to surgically induce a retinal detachment with loss of retinal tension. Water is constantly produced in the subretinal space, as a result of the high retinal metabolism and the intraocular pressure (Hamann 2002; Strauss 2005) . One of the mechanisms that keeps the retina attached is the negative pressure created by the constant removal of this water from the subretinal space by the RPE (Strauss 2005) .
RPE debridement in itself does not permanently damage retinal function (Sorensen et al. 2013) . In previous studies, we have shown that: 1 RPE proliferating from the periphery covers denuded Bruch's membrane ) and 2 Retinal function returns when proliferating RPE covers the lesion (Sorensen et al. 2013 ).
Removal of RPE could therefore be a new method to induce a retinal detachment without the increased retinal tension created by injection of subretinal fluid. This paper presents a new surgical model of retinal detachment with loss of retinal tension, structurally resembling rhegmatogenous retinal detachment. The effect of the detachment was evaluated morphologically using histology and examined functionally using multifocal electroretinography (mfERG).
Material and Methods
Left eyes (n = 12) from domestic pigs of a Danish Landrace/Duroc/Hampshire/ Yorkshire breed were included in the study. All pigs weighed approximately 25 kg at inclusion. In addition, one pig which had completed a gastrosurgical experiment was enucleated for baseline histology. The remaining 12 pigs underwent RPE debridement and were evaluated at 2 (n = 12), 4 (n = 8) and 6 weeks (n = 4) after surgery. Four pigs were sacrificed for histological analysis at each evaluation time point. The first pig that underwent surgery did not experience a retinal detachment, and it has been excluded. Surgery and evaluations were performed under general anaesthesia. The research protocol complied with the ARVO statement on the use of animals in ophthalmic and vision research and was approved by the Danish Animal Experiments Inspectorate (permission number 2012-15-2934-00151). A veterinarian supervised all animal procedures.
Anaesthesia and surgery
All animals were fasted for 18 hr prior to anaesthesia but had free access to water. Zoletil 50 Vet (containing 1.19 mg/kg of both tiletamine and zolazepam; Virbac SA, Carros, France) was used for preanaesthesia. Pupils were dilated to >8 mm using a combination of topical 0.4% benoxinate hydrochloride (oxybuprocaine; Amgros, Copenhagen, Denmark), 10% phenylephrine hydrochloride (metaoxedrine chloride; Amgros), 0.5% tropicamide (Mydriacyl; Alcon, Hainaut, Belgium) and 1% atropine sulphate (Amgros). The pigs were endotracheally intubated and anaesthetized with 2.5%-3.0% isoflurane (Attane vet; ScanVet Animal Health A/S, Fredensborg, Denmark) administered with 0.5 L/min 100% oxygen and 2.5 L/min humidified atmospheric air. The stroke volume (10 mL/ kg) and respiratory frequency (16/min) were kept constant. The pigs were hydrated with isotonic NaCl intravenously (IV) (9 mg/mL; Fresenius Kabi, Bad Homburg, Germany), and body temperature was maintained at 38-39°C. Heart rate, ECG, carbon dioxide tension and oxygen saturation levels were monitored. In the anaesthetized animals, three sclerotomies were obtained at 10, 2 and 5 o'clock, 2 mm posterior to the corneal limbus. After securing an infusion line with Ringer Lactate (SAD, Copenhagen, Denmark), a standard three-port core vitrectomy and removal of the posterior hyaloid were performed using a 21 G vitrector (Karl Storz GmbH, Tuttlingen, Germany). A retinal bleb was produced by manual subretinal injection of a balanced salt solution (BSS PLUS, Alcon, Texas, USA) through a 41G cannula. A peripheral retinotomy was made in the bleb, and a 23G curved membrane peeler (Curved membrane scraper, DSP, Alcon, Copenhagen, Denmark) was introduced to obtain RPE debridement in an area equal to the size of two optic discs. There were no infections, intravitreal haemorrhage, or other serious complications after surgery in the 12 pigs.
MfERGs and fundus photography
Multifocal electroretinogram (mfERG) were recorded at baseline and at the evaluation time points, 15 min after the induction of anaesthesia. A global flash stimulation protocol (one standard frame, one full-field dark frame, one full-field flash frame and one full-field dark frame) with a black-and-white 103 unscaled hexagon stimulus array was used (Shimada et al. 2005) . The frame refresh rate was 75 Hz with an m-sequence exponent of 12, which resulted in a 3-min and 38-second recording (Sorensen et al. 2017a ). The mfERG settings were described previously (Sorensen et al. 2013 ). MfERGs were recorded in an electrically shielded room using a VERIS multifocal system with VERIS 6.0.8 software (EDI, Inc., Redwood, USA). The animals and the respirator were electrically grounded. A Burian-Allen bipolar adult contact-lens electrode (Cephalon, Nørresundby, Denmark) was placed on the cornea using a gel (Viscotears Ò ; Novartis, Copenhagen, Denmark) as the contact fluid. A reference electrode was placed behind the ear. An infrared (IR) light emitter incorporated in the stimulation camera allowed continuous fundus monitoring. Responses were band-passfiltered outside 10-300 Hz. Colour fundus photographs (Zeiss FF450 plusIR; Carl Zeiss, Jena, Germany) were obtained after completion of the mfERG recordings. At 2 week evaluation, four pigs were euthanized and one pig was not fundus photographed due to technical difficulties; therefore, the spontaneous course could not be evaluated in these pigs.
The IR fundus picture was aligned with the corresponding fundus picture (Adobe Photoshop CC; Adobe Ò ) to enable exact anatomical localization of each hexagon (Voss et al. 2007 ). Using the aligned pictures, mfERG recordings from detached areas within the visual streak (left eye) were averaged and compared to averaged recordings from corresponding areas in the right eye. This stabilized the variance by reducing the variation caused by the anaesthesia and the difference in amplitude between the animals. After control recordings were completed, an IV injection of 5 lg/kg of fentanyl (50 lg/ml; Hameln Pharmaceuticals GmbH, Hameln, Germany) was given and the treated eye was enucleated. Anaesthetized pigs were euthanized using an IV injection of 1 ml/kg of pentobarbital (200 mg/ml; Royal Veterinary and Agricultural University, Copenhagen, Denmark) and lidocaine hydrochloride (20 mg/ml; Glostrup Pharmacy, Glostrup Denmark).
Histology
The anterior segment and the lens were immediately removed from the enucleated eye, and the posterior segment was fixed in 4% paraformaldehyde. A segment containing the optic disc and the retinal detachment was identified, cut out and embedded in paraffin. Sections of 5 lm were taken through the lesion, and every other section was stained with haematoxylin and eosin (HE) and examined with a light microscope (Axioplan 2; Carl Zeiss). Digital images were obtained with an Axiocam HRC (Carl Zeiss).
All histologic evaluations were blinded, and sections were graded according to the appearance of the ganglion cell layer, the inner nuclear layer, the outer nuclear layer, the photoreceptor outer segments (OS) and the RPE, as previously described (Sorensen et al. 2017b) . Each category was ordinally graded, where 0 = normal conditions, 1 = affected layer, 2 = degenerated layer and 3 = maximal damage with no retinal organization. The specimens were also examined for choroidal neovascularization (CNV), where 0 = not present and 1 = present.
Six unstained sections, containing the detached visual streak, from each animal were selected for immunohistochemical analysis. Immunohistochemical evaluation was performed on 5-lm sections using the antibodies against GFAP (Z0334; Dako, Glostrup, Denmark) to detect astrocytes and glia, vimentin (790-2917; Roche, Hvidovre, Denmark) to detect M€ uller cells and glia, BCl-2 (790-4464; Roche) to detect anti-apoptosis and Ki67 (790-4286; Roche) and cyclin D1 (790-4508; Roche) for cell proliferation (unspecific markers of cells that have entered cell division). All antibodies were used in line with the manufacturer's guidelines. Briefly, GFAP sections were pretreated with PT Link (Dako) using a high pH/ low pH target-retrieval solution (DM828; Dako). Staining occurred on the Dako-Link 48 (Dako) utilizing the EnVision Flex+ detection kit (K8002; Dako). The primary GFAP antibody was diluted 1:8000 using antibody diluent (DM830; Dako) and was incubated with the specimens for 20 min. For vimentin, BCl-2, Ki67 and cyclin D1 sections, the staining took place on the Ventana Benchmark Ultra (Roche) using ultraView or OptiView detection kits (760-500 and 760-700, respectively). All sections were counterstained with haematoxylin.
The number of M€ uller cell processes in each specimen was counted in two representative sections in 100 lm of the transition zone between the inner plexiform layer and the inner nuclear layer. Cells in the ganglion cell layer were counted in three representative sections from each animal. Digital images were obtained, and a 500-lm zone was marked and magnified so that it filled the computer screen. Only cells with a clearly defined cell wall were counted using Fiji ImageJ 1.49. Retinal thickness was measured in detached retinas. For comparison, to examine whether a difference in retinal thickness could be explained by difference in retinal eccentricity, retinal thickness in relation to eccentricity was investigated in sections from a healthy eye between the optic nerve and 4000 lm superior.
Fluorescence immunohistochemistry
Evaluation of ganglion cells was performed with fluorescence immunohistochemistry staining with anti-NeuN antibody (#EPR12763 -Neuronal marker ab177487, Abcam, Cambridge, United Kingdom). Paraffin wax was removed by placing specimens in xylene (VWR chemicals, Søborg, Denmark) for 5 min. Subsequently, specimens were rehydrated in 99% ethanol (Region Hovedstadens Apotek, Herlev, Denmark) for 5 min and 95% ethanol (Region Hovedstadens Apotek, Herlev, Denmark) and 70% ethanol for 2 min, respectively. The rehydrated sections were rinsed in distilled H 2 O (Region Hovedstadens Apotek, Herlev, Denmark) and 0.1M PBS (Life Technologies, Thermo Fischer Scientific, Paisley, UK) containing 0.25% Triton X-100 (=PBST) (Sigma-Aldrich, Brøndbyvester, Denmark). Heat-mediated (95-98°C) antigen retrieval was performed in 1 mM EDTA buffer pH 8.0 for 15 min and specimens subsequently rinsed in 4°C PBST. The rinsed specimens were exposed to primary antibody (NeuN) diluted in 0.1M PBST and 1% bovine serum albumin (BSA) (Sigma-Aldrich, Brøndbyvester, Denmark) in a moist chamber at 4°C for 16-18 hr. Subsequently, sections were rinsed in PBST and incubated with PBST and 1% BSA with appropriate FITC secondary antibodies (1:100 dilution; Larodan, Solna, Sweden) for 1 hr at room temperature. Finally, specimens were rinsed in PBST and mounted with Vectashield+DAPI (Vector Laboratories, Burlingame, USA).
Data and statistical analyses
VERIS software was used to extract the amplitudes and implicit times from the mfERG recordings. The visual streak was identified on the aligned photography as previously described (Sorensen et al. 2017a ) and defined as a four-hexagon tall band, stretching horizontally one hexagon above the optic nerve head. A detached area inside the visual streak that was the size of 10 hexagons was chosen for analysis. The ratio of the major mfERG amplitudes (the direct response (DR) and the induced component (IC)) measured from peak to trough (Sorensen et al. 2017a ) was analysed using mixed models in SAS Enterprise Guide 7.1 Ò (SAS Institute Inc., Cary, NC, USA). Means and 95% confidence intervals (CI) of the amplitude ratios (right/left eye) were calculated. p < 0.05 was considered significant.
Results
A total of 11 out of 12 pigs developed a rhegmatogenous-like retinal detachment ( Fig. 1) . Rhegmatogenous-like retinal detachments were characterized by loss of retinal tension (Fig. 1) . Between weeks 2 and 4, the rhegmatogenous-like retinal detachments spontaneously and partially reattached in six out of six pigs with fundus photographs at the two evaluation time points (Fig. 1) .
Retinal function
Multifocal electroretinogram (MfERG) amplitudes recorded from detached areas were significantly reduced compared to mfERG amplitudes recorded at baseline (Figs 2 and 3) . The mfERG topography was evaluated, and no difference was observed between reattached and detached areas (Fig. 2) . The DR ratio (treated/untreated eye) decreased after 2 weeks (M = À0.83 nV/deg 2 , confidence limits (CL) = (À1.09, À0.56) nV/ deg 2 , p < 0.0001), and this decrease persisted after 4 weeks (M = À0.95 nV/ deg 2 , CL = (À1.25, À0.64) nV/deg 2 , p < 0.0001) and 6 weeks (M = À0.99 nV/deg 2 , CL = À1.38, À0.61, p < 0.0001) nV/deg 2 . The IC ratio (treated/untreated eye) was also significantly decreased after 2 weeks compared to baseline (M = À1.26 nV/deg 2 , CL = (À1.69, À0.83) nV/deg 2 , p < 0.0001). As seen for the DR, the IC decrease also persisted after 4 weeks (M = À1.21 nV/deg 2 , CL = (À1.72, À0.71) nV/deg 2 , p = 0.0001) and 6 weeks (M = À1.44 nV/deg 2 , CL = (À2.10, À0.79) nV/deg 2 , p = 0.0003). No significant differences were observed between 2, 4 and 6 weeks for either the DR or IC ratio (Fig. 3) .
Retinal morphology
Loss of photoreceptor OS (grade 2) was seen in HE-stained specimens in all eyes (Figs 4 and 5) . Defragmentation of the inner nuclear layer (grade 1) was seen in 10 of the 11 evaluated eyes (Fig. 6 ). In the histological sections, there were no signs of oedema; there were no swelling of the retina, no eosinophil material in the subretinal space and no intraretinal cysts.
The RPE was hypopigmented in the debrided area in 10 of the 11 eyes and double or multilayered in 3 of the 11 eyes (grade 1). None of the eyes had areas devoid of RPE. The mean number of cells in the ganglion cell layer/ 500 lm was 44.73 cells (CL = 39.45, 50.01). None of the eyes had affected outer nuclear layer (grade 0) or CNV (grade 0).
After detachment, the mean retinal thickness decreased by 27.9%, from mean thickness of 280 lm at baseline to mean thickness of 202 lm at 6 weeks. The decrease was primarily located in the inner plexiform layer, the ganglion cell layer and the nerve fibre layer (Figs 4 and 5) .
In the healthy eye, retinal thickness in relation to eccentricity from the optic nerve decreased by 12% between the optic nerve and 4000 lm superior. The mean difference in retinal thickness between the temporal and nasal side in a healthy histological section was 10.5%.
Staining for vimentin and GFAP increased with time following detachment (Fig. 5) . The mean number of M€ uller cell processes/100 lm was 15.5 (baseline), 15.1 (2 weeks), 15.3 (4 weeks) and 15.2 (6 weeks), respectively. Unspecific Ki67 staining was observed in the entire porcine retina. Positive cytoplasmic staining of cyclin D1 was shown in the ganglion cell layer (Fig. 5) . No BCl-2-positive cells were identified.
Fluorescence immunohistochemical staining for ganglion cells showed that ganglion cells had lost their nucleus and nucleolus 2 weeks after detachment (Fig. 7) .
Discussion
This study successfully established, for the first time in an in vivo model, a retinal MfERG amplitude topography from the same pig at different evaluation times. At baseline, before surgery, the retina is attached in both eyes. The visual streak is a ridge in white and red, and the optic disc is a depression in green in both eyes. In the healthy right eye, where the retina remains attached, the mfERG topography is similar at all evaluation times. In the left eye, which underwent surgical induction of a rhegmatogenous-like retinal detachment after baseline recordings, the mfERG topography decreases. After 2 weeks, the mfERG response from the visual streak is seen in green. After 6 weeks, the blue colours show that there is no mfERG response in the left eye. detachment with loss of retinal tension and permanent loss of visual function. The model makes it possible to study the time-related disease progression and test new treatment modalities for rhegmatogenous retinal detachment.
In the present study, the retinas detached and retinal tension was lost after extensive RPE removal, and the retinal function measured with mfERG was significantly decreased. The findings in the present study differ from our earlier porcine studies. We have previously found that retinal structure and function is preserved despite prolonged shallow detachment (Sorensen et al. 2012 ) and a large distance between RPE and photoreceptors (Sorensen et al. 2017b) . We can therefore conclude that, at least in the porcine model, separation of photoreceptors and RPE is well tolerated as long as retinal tension is preserved.
Previous RRD models have induced retinal detachments by subretinal injection of fluid (Anderson et al. , 1986 Erickson et al. 1983; Guerin et al. 1989 Guerin et al. , 1990 Guerin et al. , 1993 Fisher et al. 1991 Fisher et al. , 2001 Fisher et al. , 2005 Cook et al. 1995; Lewis et al. 1998 Lewis et al. , 2002 Lewis et al. , 2005 Jacobs et al. 2002; Lewis & Fisher 2003; Linberg et al. 2009; Mandal et al. 2011; Sorensen et al. 2012 Sorensen et al. , 2017b ). These models have increased our understanding of one of the main characteristics of retinal detachment; loss of contact between photoreceptors and RPE. However, the significance of retinal tension has not previously been explored in vivo.
In the previous models, the fluid injected into the subretinal space to produce the detachments increased the retinal tension. In vitro, Taylor et al. (2013) have shown that retinal architecture is preserved, neuronal cell survival is increased, and there is no gliosis in stretched retinas. This protective response induced by increased retinal tension could explain sustained retinal function despite detachment in our previous porcine models (Sorensen et al. 2012 (Sorensen et al. , 2017b . Conversely, in human rhegmatogenous retinal detachment and in the present RPE debridement model with loss of retinal tension, retinal function decreases.
Two to six weeks after debridement, areas with hypopigmented RPE was observed, but no areas were devoid of RPE. This is in accordance with earlier findings where denuded Bruch's membrane within 1 week is repopulated by hypopigmented RPE proliferating from the periphery Sorensen et al. 2013) . For detailed pictures of these hypopigmented RPE cells as well as electronmicroscopic photographs of denuded Bruch's membrane, we refer to these previously published papers Sorensen et al. 2013) .
The size of the RPE debridement seems to determine the chance of surgically induced retinal detachment. In a previous study, the retina remained attached at all times after a smaller RPE debridement (Sorensen et al. 2013) . Contrary, after the extensive RPE debridement in the present study, the retinas detached. In accordance with this Fig. 5 . Micrographs of rhegmatogenous-like detached porcine retinas at different time points. Loss of photoreceptor OS was seen in HE-stained specimens. M€ uller cells are seen in brown colours in the vimentin-and GFAPstained specimens. Proliferating cells are seen in brown in the cyclin D1-stained specimens. Overall, the thickness of the inner nuclear layer, the inner plexiform layer and the nerve fibre layer decreased with time after detachment. The distance from the optic nerve (eccentricity) was comparable between the retinal sections. hypothesis, spontaneous retinal detachments have been observed after massive RPE damage by systemic administration of iodate (Davson & Hollingsworth 1972; Negi & Marmor 1983 ).
In the present study, retinal function decreased although the retinas spontaneously and partially reattached. The partial reattachment could be explained by the return of RPE to the debrided area Sorensen et al. 2013) and thereby reestablishment of the adhesive force (Marmor & Maack 1982; Negi & Marmor 1983; Marmor 1990) . Another possibility is that the return of RPE restores a barrier that prevents fluid from entering the subretinal space from the choroid, pushing the retina away (Marmor 1979 (Marmor , 1988 .
It could be speculated whether the permanent loss of retinal function was caused by the RPE debridement or the large retinotomy. However, in a previous study retinal function returned to normal after a large retinotomy in combination with a smaller RPE debridement (Sorensen et al. 2013 ). In the previous study, the retinas remained attached at all times. In the present study, it is therefore likely that it was the detachment (and not the retinotomy or the debridement) that caused the decrease in retinal function measured with mfERG.
It should be considered whether the decreased mfERG amplitudes in the present model represent a true loss of retinal function. In theory, the anteriorly shifted retina being out of focus could cause the decreased amplitudes. However, we have previously found normal mfERG amplitudes despite ongoing retinal detachment after subretinal injection in the porcine model (Sorensen et al. 2012 ). Furthermore, a human study found that the P1 amplitude, which is recommended for evaluating retinal function in pigs (Voss et al. 2007) , remained stable regardless of focus (Vrabec et al. 2004 ). In addition, no difference in mfERG topography was observed between detached and reattached area in the present study. It is therefore probable that the decreased mfERG amplitudes in the present model represent a true decrease in retinal function.
Retinal function measured by mfERG consists of responses from both outer and inner retina (Hood 2000; Shimada et al. 2005) . Histologically, in the present study, the induced changes in the in the outer retina were surprisingly modest and limited to shortening of outer segments. Studies in smallanimal-models have found that the earliest retinal change after separation of the photoreceptors from the RPE is outer segment degeneration Linberg et al. 2009 ).
However, even such a modest change would induce loss of outer retinal mfERG signal. In the present model, the cells in the outer nuclear layer remained intact and regeneration of outer segments and thereby restoration of outer retinal signal could therefore be possible. The permanent loss of visual function must therefore be due to loss of function elsewhere.
Death of retinal ganglion cells could explain the lasting loss of retinal function. In the fluorescence immunohistochemical staining, loss of ganglion cell nucleus and nucleolus was observed at all control times after detachment. This is a sign of ganglion cell death, from which the cells will not regenerate and loss of retinal function is thereby permanent.
Despite death of ganglion cells, increased cellularity in the retinal ganglion cell layer was observed. In the visual streak, an average of 41 cells/ 500 lm was identified compared to the expected 25 ganglion cells/500 lm in healthy retinas (Kyhn et al. 2009 ). Increased cellularity was accompanied by cytoplasmic staining with cyclin D1, which has been shown to prevent apoptosis in neuronal cells (Sumrejkanchanakij et al. 2003; Alao et al. 2006) .
The cells in the ganglion cell layer did not stain with the fluorescent immunohistochemical staining for ganglion cells. No nuclear staining was Retinal micrographs stained with NeuN for ganglion cells (fluorescent green) and with DAPI for the nucleus of other cells (blue). In the controls (healthy retina), the retinal ganglion cells (arrow) are clearly defined with a distinct nucleus (bright green) and nucleolus (black spot inside the nucleus). At all time points, after detachment the ganglion cells (arrows) are "empty" with no nucleus or nucleolus Sorensen et al. 2012 Sorensen et al. , 2017b observed for the proliferative markers Ki67 and cyclin D1 (unspecific markers for cell-division cycle). The lack of staining shows that increased proliferation of retinal cells cannot explain the increased cellularity. Morphologically, the cells do not look like lymphocytes and the identity of the cells remains unknown. Developing specific staining for the unknown porcine cells is beyond the scope of this paper.
Furthermore, unspecific reactive changes in glial cells were also identified, as demonstrated by increased GFAP and vimentin staining and hypertrophy of M€ uller cell processes. These findings have been described as stress responses after retinal detachment in other species and proposed to be involved in the formation of glial scars (Lewis & Fisher 2003) .
Retinal thickness decreased after retinal detachment. Retinal thickness in relation to eccentricity was evaluated in healthy specimens to examine whether our finding could be caused by difference in eccentricity between compared specimens. Our results showed that retinal thickness truly decreased after retinal detachment.
The defragmentation observed in the inner nuclear layer (INL) might represent an artefact. However, we have not observed such a defragmentation in previous porcine retinal detachment models (Sorensen et al. 2012 (Sorensen et al. , 2017b . Furthermore, defragmentation only occurred in detached areas and not attached areas in the same specimens. We cannot rule out that the finding could be artifactual, but it would be peculiar if an artefact was only seen in INL and no other layers.
It is possible that increased retinal tension in serous detachments and our previous porcine models (Sorensen et al. 2013 (Sorensen et al. , 2017b ) may activate mechanoreceptors and generate a neuroprotective response that sustains retinal function. This theory needs to be investigated in future studies.
Conclusions
Retinal detachment with loss of retinal tension induces ganglion cell death and permanent loss of retinal function in the porcine model. For the first time in a large mammal, this model enables new therapeutic interventions to be tested with the aim of preventing permanent loss of vision after retinal detachment.
The model might deliver new perspectives and answers to the very different outcomes between a serous retinal detachment (retinal tension is maintained) and a rhegmatogenous retinal detachment (retinal tension is lost).
